Introduction {#sec1}
============

Chronic myeloid leukemia (CML) is a clonal myeloproliferative neoplasm characterized by the Philadelphia (Ph^+^) chromosome, which is caused by genetic translocation t(9; 22) (q34; q11).[@bib1]^,^[@bib2] The reciprocal (9; 22) translocation fusion between the ABL tyrosine kinase gene on chromosome 9 and the BCR tyrosine kinase gene on chromosome 22 results in the formation of BCR-ABL fusion oncoprotein.[@bib3] The BCR-ABL fusion protein is a constitutively active protein tyrosine kinase responsible for malignant transformation by activating its downstream signaling pathways, including the JAK/STAT, phosphatidylinositol 3-kinase (PI3K)/AKT, and mitogen-activated protein kinase (MAPK)/ERK pathways, leading to aberrant cell survival.[@bib4]^,^[@bib5] Generally, BCR-ABL is the single driving force in the pathogenesis of CML.

Imatinib (STI571) was the first BCR-ABL tyrosine kinase inhibitor (TKI) approved by the United States Food and Drug Administration for the treatment of CML.[@bib6] The introduction of imatinib has dramatically improved the outcome of patients with CML. Although imatinib can effectively treat CML, acquired resistance can be developed.[@bib7]^,^[@bib8] Known attributors responsible for resistance to imatinib in CML are the point mutations of the BCR-ABL kinase domain,[@bib9]^,^[@bib10] the amplification of the BCR-ABL gene,[@bib11] and the insensitivity of leukemia stem cells to imatinib.[@bib12]^,^[@bib13] Mutation in the kinase domain of BCR-ABL is believed to be the most predominant, which gives rise to active mutant enzymes that are insensitive to imatinib.[@bib14]^,^[@bib15] More than 70 individual mutations have been described in patients with CML.[@bib15] The most common mutations in relapsed patients are T315I, E255K, Y253F, and M351T, accounting for approximately 60% or more of all mutations that were found to be associated with imatinib resistance.[@bib16] The T315I mutant represents 15%--20% of all clinically observed mutations and is the most resilient to imatinib.[@bib17] In addition, patients with T315I mutation have a poor prognosis, with a short survival from the initiation of imatinib treatment. Over the years, second generation (nilotinib and dasatinib) and third generation (ponatinib and bosutinib) TKIs have been developed to overcome the acquired resistance. Moreover, the BCR-ABL-T315I mutation causes resistance to all first and second generation TKIs. At present, the only clinically available inhibitor that has shown efficacy against T315I mutant BCR-ABL-driven leukemia is ponatinib.[@bib18]^,^[@bib19] However, serious adverse side effects, such as blood clots and narrowing of blood vessels, limit its clinical utility.[@bib20] Moreover, a broad spectrum of kinase inhibition increases the off-target effects of TKIs.[@bib21] Hence, identification of novel compounds and development of new strategies for the effective treatment of CML with BCR-ABL mutations, as well as T315I mutation, are important and challenging tasks.

High proliferation with an undifferentiated state is a common feature of CML.[@bib22] The CML cell line K562 behaves as a pluripotent hematopoietic precursor expressing in undifferentiated markers. K562 cells can undergo further differentiation in megakaryocytic or erythroid lineages depending on the stimulus.[@bib23] Similarly, BCR-ABL-transformed Ba/F3 cells can be induced to differentiation, and the colony formation ability of cells was reduced.[@bib24] Promoting the differentiation of leukemia cells has become a novel therapeutic strategy for the treatment of acute promyelocytic leukemia. However, cancer differentiation therapy has not been translated to the treatment of CML.

OGP46, a small molecule of kaurene diterpenoid, and its analogs have shown anti-proliferation in solid tumor cell lines, such as Eca-109, MCF-7, A549, or SMMC-7721.[@bib25], [@bib26], [@bib27] In this study, we investigated whether OGP46 possesses activity against leukemia cell line K562, a wide array of BaF3 cells with BCR-ABL mutations, including T315I.

Results {#sec2}
=======

OGP46 Significantly Inhibits Proliferation of Leukemic Cell Lines Independent of BCR-ABL Mutational Status {#sec2.1}
----------------------------------------------------------------------------------------------------------

In order to test the effect of OGP46 on cell viability, we performed MTT assay. OGP46 significantly inhibited the proliferation of BaF3-p210-T315I cells as compared with imatinib ([Figure 1](#fig1){ref-type="fig"}B). The inhibition of OGP46 was about 10-fold higher than imatinib (IC~50~ OGP46 = 1.54 μM versus IC~50~ imatinib = 15.84 μM) ([Table 1](#tbl1){ref-type="table"}). This result indicated that OGP46 is effective against the imatinib-resistant T315I mutation.Figure 1OGP46 Inhibits the Cell Proliferation of K562 Cells, BaF3 Cells Expressing Wild-Type BCR-ABL and Mutated BCR-ABL, and Human Normal PBMCs(A) Chemical structure of OGP46 and Jaridonin. (B) The effect of OGP46 or imatinib on the proliferation of cells. Cells were incubated with various concentrations of OGP46 or imatinib for 72 h, then subjected to cell proliferation assay. The points with error bars represent the mean ± SD. The figures are representative of three independent experiments done in triplicate.Table 1IC~50~ Values for OGP46 and Imatinib on K562 and BaF3 Cell LinesCell LinesOGP46, IC~50~ (μM) ± SDImatinib, IC~50~ (μM) ± SDK5621.72 ± 0.40.68 ± 0.1BaF3-p210-WT1.31 ± 0.30.71 ± 0.09BaF3-p210-T315I1.54 ± 0.815.84 ± 2.1BaF3-p210-Y253F1.57 ± 0.39.01 ± 0.5BaF3-p210-E255K0.062 ± 0.030.75 ± 0.09BaF3-p210-M351T1.71 ± 0.52.63 ± 0.9BaF3-p210-G250E0.060 ± 0.026.70 ± 0.6BaF3-p210-Q252H0.057 ± 0.030.38 ± 0.12BaF3-p210-E255V0.059 ± 0.030.85 ± 0.15BaF3-p210-F311L0.064 ± 0.040.21 ± 0.06BaF3-p210-H396R0.77 ± 0.111.01 ± 0.21BaF3-p210-H296P0.69 ± 0.082.19 ± 0.2BaF3-p210-M244V0.94 ± 0.11.71 ± 0.3BaF3-p210-F317L0.70 ± 0.120.090 ± 0.04BaF3-p210-F359V2.73 ± 0.90.44 ± 0.13[^2]

OGP46 also showed a similar effect on K562, BaF3-p210-wild type (WT), and another 10 mutant cell lines, including the most common mutations BaF3-p210-Y253F, BaF3-p210-M351T, and BaF3-p210-E255K. These findings reveal that OGP46 has a wide spectrum of activity on BCR-ABL mutations as compared with imatinib. However, OGP46 was less potent to BaF3-p210-F359V and BaF3-p210-F317L compared with imatinib. Interestingly, OGP46 did not have any significant effect on the viability of normal peripheral blood mononuclear cells (PBMCs).

OGP46 Induces G0/G1 Arrest in BaF3-p210-WT, BaF3-p210-T315I, and K562 Cells {#sec2.2}
---------------------------------------------------------------------------

In order to better explore the anti-proliferation mechanism of OGP46, we determined its effect on cell-cycle progression in BaF3-p210-WT, BaF3-p210-T315I, and K562 cells. OGP46 at 2 μM had similar effects on all of these cells. A percentage of G0/G1 constantly increased in these cell lines after treatment by OGP46 for up to 72 h ([Figures 2](#fig2){ref-type="fig"}A and 2B). These findings suggest OGP46 may inhibit cell proliferation by inducing a G0/G1 cell-cycle arrest.Figure 2The Effect of OGP46 on the Cell- cycle of BaF3-p210-WT, BaF3-p210-T315I, and K562 Cells(A) Cells were incubated with 2 μM OGP46 for 48 or 72 h, then subjected for flow cytometry analysis with PI staining. (B) The statistical analysis of cells in G0/G1 phase is presented as a bar graph (∗∗p \< 0.01 versus control group). The figures are representative of three independent experiments done in triplicate.

OGP46 Induces Less Apoptosis in BaF3-p210-WT, BaF3-p210-T315I, and K562 Cells {#sec2.3}
-----------------------------------------------------------------------------

In order to assess whether the effect of OGP46 was associated with induction of apoptosis, we incubated BaF3-p210-WT, BaF3-p210-T315I, and K562 cells with 1, 2, or 4 μM OGP46 for 72 h. The results indicated that BaF3-p210-WT did not undergo apoptosis with 1, 2, or 4 μM OGP46 ([Figures 3](#fig3){ref-type="fig"}A and 3B). Similarly, BaF3-p210-T315I and K562 cells showed no or minimal signs of apoptosis with 1 or 2 μM OGP46. However, BaF3-p210-T315I and K562 cells showed signs of apoptosis at 4 μM OGP46. In addition, it can be seen that the imatinib-resistant BaF3-p210-T315I cells did not undergo apoptosis with the imatinib treatment. These results suggest that the G0/G1 cell-cycle arrest in all of these cells induced by OGP46 at 2 μM was not due to apoptosis.Figure 3The Effect of OGP46 on the Apoptosis of BaF3-p210-WT, BaF3-p210-T315I, and K562 Cells(A) Cells were incubated with OGP46 (1--4 μM) or imatinib (2 or 4 μM) for 72 h. Cells were then subjected to flow cytometry analysis with Annexin V/PI staining. (B) The statistical analysis of apoptosis is presented as a bar graph (∗p \< 0.05, ∗∗p \< 0.01). The figures are representative of three independent experiments done in triplicate.

OGP46 Induces Cell Differentiation in BaF3-p210-WT, BaF3-p210-T315I, and K562 Cells {#sec2.4}
-----------------------------------------------------------------------------------

Because OGP46 induced the G0/G1 cell-cycle arrest in BaF3-p210-WT, BaF3-p210-T315I, and K562 cells without causing apoptosis, morphology analysis and flow cytometry analysis were performed to evaluate the effect of OGP46 on the differentiation in these cell lines. As shown in [Figure 4](#fig4){ref-type="fig"}A, after being treated with 2 μM OGP46 for 72 h, three cell types presented morphological changes consistent with differentiation, including polyploidization and phenotype changes (major increases in cell size accompanied by decreases in the nuclear/cytoplasmic ratio) by Wright-Giemsa staining. In contrast, the morphology of cells treated with imatinib was minimally altered. It indicates that OGP46 induces the cell differentiation by morphological changes, but imatinib does not. Moreover, it can be seen from [Figures 4](#fig4){ref-type="fig"}B and 4C that 2 μM OGP46 significantly upregulated the expression of differentiation gene F4/80 (a macrophage differentiation marker), CD25 (T cell differentiation markers), and CD61 (megakaryocytic differentiation marker) in both BaF3-p210-WT and BaF3-p210-T315I cell lines. Similarly, granulocyte differentiation was validated by the increase of CD13 expression in K562 cells incubated with 2 μM OGP46. In addition, differentiation markers CD24 and CD37 were upregulated in K562 cells. Based on these results, it can be seen that the cell-cycle exit induced by OGP46 may be caused by cell differentiation.Figure 4The Effect of OGP46 on Cell Differentiation in BaF3-p210-WT, BaF3-p210-T315I, and K562 Cells(A) Morphological features. (B and C) The expression of cell membrane markers (antigens) (B) and the expression of antigens in mean fluorescence intensity (MFI), and the statistical analysis of MFI represented as a bar graph (∗p \< 0.05, ∗∗p \< 0.01) (C). Cells were incubated with 2 μM OGP46 for 72 h. The figures are representative of three independent experiments. The black lines represent control, and the green lines represent OGP46.

OGP46 Significantly Reduces Colony Formation Ability in BaF3-p210-WT, BaF3-p210-T315I, and K562 Cells {#sec2.5}
-----------------------------------------------------------------------------------------------------

We next determined the long-term efficacy of OGP46 on the formation of colonies in BaF3-p210-WT, BaF3-p210-T315I, and K562 cells. As shown in [Figures 5](#fig5){ref-type="fig"}A and 5B, the amount of colony formation was significantly reduced with increasing concentrations of OGP46. Moreover, the cells could not form colonies in either cell type when incubated with 2 μM OGP46 compared with the control group because differentiated cells have lost their abilities for colony formation. These results indicated that OGP46 could effectively suppress colony formation ability in these cells.Figure 5The Effect of OGP46 on Colony Formation Ability in BaF3-p210-WT, BaF3-p210-T315I, and K562 Cells(A) Cells were incubated with 2 μM OGP46 for 15 days and then observed by light microscopy. (B) The statistical analysis of colony formation is presented as a bar graph (∗p \< 0.05, ∗∗p \< 0.01). The figures are representative of three independent experiments.

OGP46 Induces Cell Differentiation by BCR-ABL Depletion {#sec2.6}
-------------------------------------------------------

To understand the molecular consequences of cell differentiation induced by OGP46, we examined the mechanism of action of OGP46 on mRNA expression by mRNA sequencing (mRNA-seq) in BaF3-p210-WT, BaF3-p210-T315I, and K562 cells. A total of 591 genes were upregulated and 248 genes were downregulated in the K562 cell line. Similarly, the expression levels of 551 and 109 genes were increased, whereas 144 and 84 genes were decreased in BaF3-p210-WT and BaF3-p210-T315I, respectively. Therefore, there are different effects on various mRNA species, suggesting OGP46 activity does not affect all species universally. As shown in [Figure 6](#fig6){ref-type="fig"}B, cell surface antigens (F4/80 \[Adgre1\], CD25 \[Il2rα\], and CD61 \[Itgb3\]) were significantly upregulated in both BaF3-p210-WT and BaF3-p210-T315I cell lines. Analogously, OGP46 significantly upregulated the cell surface antigen (CD13, CD24, CD37) in the K562 cell line. Furthermore, there was an enhanced activation of cell-cycle inhibitor CDKN2A in both BaF3-p210-WT and BaF3-p210-T315I cell lines. Similarly, the expression of cell-cycle regulator CCNE2 gene was significantly reduced in the K562 cell line. In addition, cell differentiation-related CSF2RB2 and CSF2RB genes were significantly upregulated in BaF3-p210-WT, BaF3-p210-T315I, and K562 cells, respectively. As shown in [Figure 6](#fig6){ref-type="fig"}C, by Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis in BaF3-p210-WT, BaF3-p210-T315I, and K562 cells, several signaling pathways were involved in the OGP46 treatment, such as JAK-STAT or pathways in cancer, hematopoietic linage, and cell adhesion molecular pathways, which all are involved in regulation of cell differentiation. Additionally, the antigen processing and presentation signal pathway was involved in regulation of immunology. The signal pathways consistently demonstrated several such related genes (CD25 \[JAK-STAT\]; BCR-ABL, CD25 (pathways in cancer); CD13, CD24, CD25, CD61, CSF2RB2, and CSF2RB \[hematopoietic cell lineage\]; and CD40 \[cell adhesion molecules\]).Figure 6The Action of OGP46 Is Related to the JAK-STAT Pathway to Promote Cell Differentiation in BaF3-p210-WT, BaF3-p210-T315I, and K562 Cells(A) Volcano plots. (B) Heatmap of differentially expressed genes (62 genes are the common differentially expressed genes of BaF3-p210-WT and BaF3-p210-T315I; 100 genes according to their p value in the K562 cell line) and SP1, BCR, and MYC genes. (C) KEGG pathway analyses of all differentially expressed genes. Cells were incubated with 2 μM OGP46 for 48 h; then mRNA sequencing was performed. The figures are representative of two independent experiments. ∗p \< 0.05 versus control group.

To validate the differentially expressed genes identified by mRNA-seq, we performed real-time PCR and western blotting in BaF3-p210-T315I and K562 cell lines. As shown in [Figures 7](#fig7){ref-type="fig"}A and 7C, the mRNA expression and protein of CCNE2 and CDKN2A were significantly altered, which was in accordance with the mRNA-seq result.Figure 7OGP46 Induces Cell Differentiation by BCR-ABL Inhibition in K562 and BaF3-p210-T315I Cells(A) The effects of OGP46 on the mRNA expression were determined by real-time PCR (n = 3) in both cell lines. Cells were incubated with 2 μM OGP46 for 0, 24, 48, or 72 h. (B) BCR-ABL mRNA expression in BaF3-p210-T315I and K562 cells treated with 2 μM OGP46, or actinomycin D (4 μM) for 0, 6, 12, 24 or 48 h. The mRNA expression is reported as percentage of total transcript present at the time 0. (C) BCR-ABL mRNA expression in both cell lines treated with actinomycin D (4 μM), or the combination of 2 μM OGP46 with actinomycin D (4 μM) for 0, 6, 12, or 24 h. (D) The effects of OGP46 on the protein levels were determined by western blotting (n = 3) in both cell lines. Cells were incubated with OGP46 (0.5--2 μM) or imatinib (1 or 2 μM) for 72 h. (E) Protein expression was quantified by the software AI600 images. ∗∗p \< 0.01 versus control group.

Because BCR-ABL is a critical fusion gene that causes CML clonal evolution, we next examined whether OGP46 inhibited BCR-ABL at the transcriptional and protein levels in both cell lines. It was shown that BCR-ABL was inhibited by OGP46 at both levels, whereas imatinib had no effect on native BCR-ABL and BCR-ABL T315I mutation cells ([Figures 7](#fig7){ref-type="fig"}A--7E). These results indicate that the sensitivity of native BCR-ABL and BCR-ABL-T315I mutation cells to OGP46 might be due to the inhibition of BCR-ABL expression. In contrast, sensitivity of native BCR-ABL cells to imatinib is due to the p-BCR-ABL, which inhibits the activity of BCR-ABL. However, imatinib cannot affect either the BCR-ABL nor the p-BCR-ABL in BCR-ABL-T315I mutation cells.

To investigate when BCR-ABL mRNA decreases and how rapidly after treatment with OGP46, stability of BCR-ABL mRNA due to OGP46 treatment was compared with the effect of a broad transcriptional inhibitor actinomycin D (ActD) in BaF3-p210-T315I and K562 cell lines. The data showed that OGP46 did not significantly decrease the BCR-ABL mRNA in 12 h. As shown in [Figure 7](#fig7){ref-type="fig"}B, BCR-ABL mRNA was decreased by 52% in 6 h after treatment with ActD, while a similar amount of BCR-ABL mRNA was decreased in about 20 h after treatment with OGP46. Moreover, as shown in [Figure 7](#fig7){ref-type="fig"}C, OGP46 did not lead to further decreases in BCR-ABL mRNA levels beyond that seen by ActD alone. Therefore, the action of OGP46 is different from ActD, suggesting that OGP46 uniquely affects BCR-ABL mRNA transcription rather than globally affects multiple species or mRNA stability.

Discussion {#sec3}
==========

CML will become the most prevalent form of leukemia in the next 20--30 years for increased patient survival. Since its introduction in 2001, imatinib represents a major success in the treatment of CML in targeted cancer therapy.[@bib28] However, about 50% of patients experience intolerance or resistance to imatinib. The most common mechanism of treatment failure is the acquisition of mutations in the kinase domain of BCR-ABL.[@bib29] Among them, T315I point mutation are the most common, and afflicted patients often result in poor prognosis. This led to the development of second generation and third generation TKIs. Ponatinib, a third generation TKI, has been demonstrated to be effective against the highly T315I mutation; however, serious adverse side effects were observed in patients.[@bib30]^,^[@bib31] Moreover, the off-target effects of TKIs is increased by a broad spectrum of kinase inhibition. Therefore, resistance to TKIs due to BCR-ABL mutation, including T315I, remains a major challenge for patients with CML.[@bib32] In the present study, we aimed to develop a novel compound to overcome drug resistance induced by BCR-ABL mutations, including T315I, in CML.

OGP46 has a similar chemical structure with a natural ent-kaurenoid diterpenoid Jaridonin, which induces esophageal cancer cells apoptosis. OGP46 and Jaridonin have the same maternal structure, the difference is the substituent. Here, we discovered that OGP46 potently inhibited proliferation of leukemic cell lines independent of BCR-ABL mutational status and induced cell differentiation in CML cells harboring native BCR-ABL or BCR-ABL-T315I mutation accompanied by cell-cycle arrest at G0/G1. OGP46 dramatically downregulated the mRNA and protein of BCR-ABL regardless of the mutational status of BCR-ABL. All together, we found that OGP46 is effective against native BCR-ABL-positive CML cells and a panel of BaF3 cells bearing BCR-ABL mutants, including T315I, by cell differentiation through depletion of BCR-ABL.

CML is one of the typical models of myeloproliferative disorders characterized by the presence of BCR-ABL.[@bib33] It is well documented that the BCR-ABL fusion protein blocks the differentiation of CML cells and protects the cells from apoptosis.[@bib34] Hence inducing CML cell differentiation represents a promising therapeutic strategy in the treatment of CML.[@bib35]^,^[@bib36] It is reported that As~4~S~4~ can induce effective erythroid differentiation through degradation of BCR-ABL.[@bib34] Furthermore, silencing BCR-ABL in the lineage leads to enhanced erythroid differentiation and a decrease in colony-forming capacity in CML patient samples.[@bib37] Here, we found that OGP46 had an anti-proliferative effect on native BCR-ABL CML cells, a panel of CML cells bearing BCR-ABL mutants, as well as T315I mutation by inducing cell differentiation. Meanwhile, the mRNA and protein of BCR-ABL were depleted by OGP46. These data indicate that the cell differentiation induced by OGP46 is originated by inhibition of the expression of BCR-ABL mRNA. Compared with ActD, the results showed that OGP46 does not inhibit mRNA globally nor affect mRNA stability ([Figures 6](#fig6){ref-type="fig"}B, [7](#fig7){ref-type="fig"}B, and 7C). Rather, it decreases the expression of BCR-ABL mRNA by inhibiting the transcription of BCR-ABL evidence by that OGP46 does not act additively with ActD to decrease BCR-ABL mRNA level in K562 and BaF3-p210-T315I cells ([Figure 7](#fig7){ref-type="fig"}C). Furthermore, JAK-STAT, a downstream signaling pathway of BCR-ABL, has been proved to be related to cell differentiation.[@bib38]^,^[@bib39] Hence the inhibition of BCR-ABL by OGP46 resulting in cell differentiation might be involved in the JAK-STAT signaling pathway in BaF3-p210-WT and BaF3-p210-T315I ([Figure 6](#fig6){ref-type="fig"}C). Consistently, we found that BCR-ABL depletion led to cell differentiation that might be involved in pathways in cancer signaling pathway in the K562 cell line ([Figure 6](#fig6){ref-type="fig"}C). Moreover, the pathways in cancer signaling pathway are involved in the BCR-ABL and JAK-STAT signaling pathway (KEGG map; <https://www.genome.jp/kegg-bin/show_pathway?hsa05200>). Therefore, OGP46 is effective against native or mutant BCR-ABL, including T315I, in CML cell lines, likely through BCR-ABL/JAK-STAT signaling pathways.

Differentiation of cells is usually accompanied by cell-cycle exit.[@bib40] The onset of differentiation that occurs in G1 phase is concomitant with cell-cycle exit and can be mediated and maintained by the following: (1) upregulation of CDK inhibitor proteins; and (2) downregulation of CCNE2, CCND1, and CCNE1.[@bib41] For example, the CDK inhibitor, such as CDKN2A, was upregulated, whereas CCNE2 was downregulated in the differentiation response. Our results show that OGP46 significantly inhibited cell proliferation by inducing cell differentiation accompanied by cell-cycle arrest at G0/G1 ([Figure 2](#fig2){ref-type="fig"}). The cell-cycle arrest at G0/G1 was associated with activation of CDKN2A or suppression of CCNE2 identified by mRNA-seq ([Figure 6](#fig6){ref-type="fig"}B) and confirmed by PCR and western blot ([Figures 7](#fig7){ref-type="fig"}A, 7D, and 7E).

Taken together, our results suggest that the small molecule inhibitor OGP46 is effective against imatinib-resistance BCR-ABL mutations, including T315I, in CML. Moreover, our findings demonstrate that OGP46 targets native and mutant BCR-ABL, including T315I, in CML cells through BCR-ABL/JAK-STAT signaling pathways, which subsequently results in cell differentiation ([Figure 8](#fig8){ref-type="fig"}). Interestingly, OGP46 does not significantly affect the viability of normal PBMCs. Its ability to overcome imatinib resistance induced by either T315I or other major resistance mutations means OGP46 could be a promising lead compound that merits further development to overcome imatinib-resistance BCR-ABL mutations, including T315I, in CML.Figure 8Model of Anti-cancer Effects of OGP46 in CMLIn general, imatinib can effectively treat CML caused by BCR-ABL oncoprotein by inhibition of the activity of BCR-ABL (A). However, mutations in the BCR-ABL kinase domain, including T315I, are a major cause of resistance to imatinib (B). We newly found that OGP46 is effective against not only native BCR-ABL but also imatinib-resistant BCR-ABL mutations, including T315I (C), by cell differentiation through the BCR-ABL/JAK-STAT pathway. Cell differentiation is accompanied by cell-cycle arrest at G0/G1, potentiating anti-cancer effects.

Materials and Methods {#sec4}
=====================

Chemicals and Equipment {#sec4.1}
-----------------------

OGP46 was prepared from Dr. Hong-Min Liu's lab (Zhengzhou University, China). The molecular weight of OGP46 \[C~22~H~32~O~6~ with the nomenclature 20(S)-11β, 14β-dihydroxy-20-(2-hydroxyethoxy)-7α, 20-epoxy-ent-kaur-16-en-15-one\] is 392.49, and its purity was more than 98.5%. Stock solutions of OGP46 (10 mM; dissolved in dimethyl sulfoxide) were stored at −20°C. The same concentration of DMSO in RPMI 1640 medium was used as vehicle in various *in vitro* assays. [Figure 1](#fig1){ref-type="fig"}A shows the chemical structure of OGP46 and Jaridonin.[@bib26] Imatinib mesylate was purchased from TSZ Chem (Lexington, MA, USA). RPMI-1640, fetal bovine serum (FBS), 5,000 U/mL penicillin, and 5,000 μg/mL streptomycin were purchased from GIBCO (Carlsbad, CA, USA). Propidium iodide (PI)/RNase staining buffer and the Fluorescein Isothiocyanate (FITC) Annexin V Apoptosis Detection Kit were purchased from BD Biosciences (San Jose, CA, USA). FITC anti-human CD13 (Cat \#11-0138-42, RRID: [AB_11043278](nif-antibody:AB_11043278){#intref0015}), phycoerythrin (PE) anti-mouse CD25 (Cat \#56-0251-60, RRID: [AB_891424](nif-antibody:AB_891424){#intref0020}), and PE anti-mouse CD61 (Cat \#13-0611-81, RRID: [AB_466487](nif-antibody:AB_466487){#intref0025}) antibodies were purchased from eBioscience (San Diego, CA, USA). PE anti-human CD24 (Cat \#561646) and PE anti-human CD37 (Cat \#561546) antibodies were purchased from BD Biosciences (San Jose, CA, USA). FITC anti-mouse F4/80 (Cat \#60027FI.1) antibody and MethoCult H4100 (Cat \#04100) were purchased from STEMCELL Technologies (Vancouver, BC, Canada). Antibodies against BCR-ABL (Cat \#3902), pBCR-ABL (Cat \#3901), and GAPDH (Cat \#5174) were purchased from Cell Signaling Technology (Beverly, MA, USA). Antibodies against CDKN2A (ab211542) and CCNE2 (ab32103) were purchased from Abcam (Cambridge, MA, USA). The PrimerScript RT reagent kit and the SYBR Premix Ex Taq reagent kit were purchased from TAKARA Bio (Otsu, Japan). Flow cytometry analyses were conducted using a FACSCalibur System (BD Biosciences, San Diego, CA, USA). PCR amplification was performed using an Applied Biosystems 7500 Fast Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA).

Cell Lines and Cell Culture {#sec4.2}
---------------------------

Human cell line K562 and murine BaF3 cells expressing WT BCR-ABL (BaF3-p210-WT) and BCR-ABL single mutants at each of the 13 key positions (BaF3-p210-T315I, BaF3-p210-G250E, BaF3-p210-E255V, BaF3-p210-F359V, BaF3-p210-H296P, BaF3-p210-M315T, BaF3-p210-Y253F, BaF3-p210-Q252H, BaF3-p210-H396R, BaF3-p210-F311L, BaF3-p210-M244V, BaF3-p210-F317L, and BaF3-p210-E255K) were provided by Dr. Zhe-Sheng Chen's lab (St. John's University, USA). Cell lines expressing WT BCR-ABL or BCR-ABL with various kinase domain point mutations were derived by transfection of a retroviral vector expressing p210^BCR-ABL^ into murine hematopoietic cells as described previously.[@bib42] Cord blood samples from three healthy individuals (obtained from The Affiliated Hospital of Weifang Medical University, Weifang, China) were collected after obtaining written informed consent from the donor. The PBMCs were isolated using a Histopaque 1077 by gradient centrifugation. All cell lines were cultured in RPMI 1640 medium supplemented with 10% FBS and 1% penicillin/streptomycin.

Cell Proliferation Assay {#sec4.3}
------------------------

The anti-proliferative effects of OGP46 were determined by a modified MTT colorimetric assay. 5 × 10^3^ cells per well were seeded into a 96-well plate. After 24 h of incubation, the cells were treated with either OGP46 or imatinib at the indicated concentrations. After 72 h, 20 μL MTT (4 mg/mL) reagent was added to each well, and the cells were further incubated at 37°C for 4 h. Following incubation, the plates were centrifuged, and the formazan crystals were dissolved in 100 μL DMSO. The absorbance was measured at 570 nm by an Opsys microplate reader (Dynex Technologies, Chantilly, VA, USA).

Cell-Cycle Analysis {#sec4.4}
-------------------

Cells were incubated with 2 μM OGP46 for different time intervals (0, 48, or 72 h). The cells were collected at the end of each time interval. The cells were fixed by 100% cold ethanol and subsequently stained with 50 μg/mL PI and 100 μg/mL RNase A for 1 h at room temperature in the dark. Flow cytometry analysis was used to determine the percentage of cells in a particular phase of the cell cycle with a BD Accuri C6 flow cytometer (San Jose, CA, USA).

Annexin V/PI Analysis {#sec4.5}
---------------------

To determine apoptotic cells, we incubated cells with 1, 2, or 4 μM OGP46 for 72 h. The cells were collected, washed with PBS, resuspended in the binding buffer, and incubated with FITC-labeled Annexin V and PI (BD Biosciences) for 30 min at room temperature in the dark. The apoptotic cell population was determined by flow cytometry analysis.

Cell Morphology Analysis {#sec4.6}
------------------------

Cells were cultured with a specified concentration of OGP46 for 72 h. The cells were collected, and slides were made and fixed by methanol for 30 min, stained with Wright-Giemsa, and observed for morphological features of differentiation by light microscopy.

Cell Surface Antigens Assessment {#sec4.7}
--------------------------------

Cells were cultured with a specified concentration of OGP46. After 72 h of being cultured, the cells were collected, washed with PBS, and incubated with different monoclonal antibodies. The cell surface antigens were evaluated by flow cytometry.

Colony Formation Assay {#sec4.8}
----------------------

Cells (5 × 10^4^) were cultured with OGP46 in 500 μL of 2.6% methylcellulose medium containing 10% FBS in 24-well plates. After incubation for 15 days, the number of separate colonies was counted by an inverted microscope.

mRNA-Seq {#sec4.9}
--------

mRNA-seq was performed for K562, BaF3-p210-WT, and BaF3-p210-T315I cell lines (Annoroad Gene Technology, Beijing, China). In brief, RNA was extracted, and the quality was assessed. 2 μg of total RNA was purified and converted to an Illumina sequencing library, and the libraries were validated. Sequencing was performed with an Illumina HiSeq 4000 platform, and 150-bp paired-end reads were generated. Sequencing reads were mapped to the genome using TopHat version 2.1.1. The expressions of mRNAs were estimated using transcripts per million (TPMs). Differential expression test was analyzed using DESeq R packages according to the package's manual. The p values were adjusted, and a corrected p value of 0.05 was set as a threshold for significant differential expression of genes. Gene Ontology (GO) function and KEGG enrichment analyses of differently expressed genes (DEGs) were performed with R language with the aid of packages clusterProfiler, enrichplot, and ggplot2. Terms with a p value of \<0.05 were considered significantly enriched.

Quantitative Real-Time PCR {#sec4.10}
--------------------------

Total RNA was extracted using the TRIzol Reagent (Invitrogen Life Technologies). The cDNA was transcribed from 1 μg total RNA using a PrimerScript RT reagent kit with a gDNA Eraser. Quantitative real-time PCR was performed in triplicate using SYBR Green I and hotstart Taq DNA polymerase in an Applied Biosystems 7500 Fast Real-Time PCR System. The relative quantification of gene expression was calculated using the 2^−ΔΔCt^ method. The following primers were used: forward BCR-ABL (mouse) 5′-TTCAGAAGCTTCTCCCTGACAT-3′, reverse BCR-ABL (mouse) 5′-CTTCGTCTGAGATACTGGATTCCT-3′; forward CDKN2A (mouse) 5′-TTGGCCCAAGAGCGGGGACA-3′, reverse CDKN2A (mouse) 5′-GCGGGCTGAGGCCGGATTTA-3′; forward BCR-ABL (human) 5′-TCCGCTGACCATCAATAAGGA-3′, reverse BCR-ABL (human) 5′-CACTCAGACCCTGAGGCTCAA-3′; and forward CCNE2 (human) 5′-CTTACGTCACTGATGGTGCTTGC-3′, reverse CCNE2 (human) 5′-CTTGGAGAAAGAGATTTAGCCAGG-3′.

Western Blotting Analysis {#sec4.11}
-------------------------

Equal amounts of cell lysate were electrophoresed onto a sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membrane. The membranes were blocked and then incubated with antibodies. Images were obtained using an enhanced chemiluminescence reagent (ECL) detection system (Amersham Imager 600; GE Healthcare Biosciences, Pittsburgh, PA, USA).

Statistical Analysis {#sec4.12}
--------------------

All experiments were repeated at least three times unless otherwise stated. Statistical significance between the control group and each treatment group was determined by ANOVA. Statistical significance level was p \<0.05 or p \<0.01.
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